Somatic hypermutation (SHM) introduces non-templated point mutations in genes encoding immunoglobulin variable (V) domains at a frequency of about one mutation per kilobase (kb) per cell per generation. In germinal centers, this activity generates antibody variants that are selected on the basis of their affinity for antigen. In addition to altering antibodies via hypermutation, the germinal center response also shapes the effector function of antibody genes through class-switch recombination (CSR). This reaction replaces the μ-chain immunoglobulin heavy-chain locus constant (C) region (Igh-C) for one of a set of downstream Igh-C exons 1,2 .
A r t i c l e s
Somatic hypermutation (SHM) introduces non-templated point mutations in genes encoding immunoglobulin variable (V) domains at a frequency of about one mutation per kilobase (kb) per cell per generation. In germinal centers, this activity generates antibody variants that are selected on the basis of their affinity for antigen. In addition to altering antibodies via hypermutation, the germinal center response also shapes the effector function of antibody genes through class-switch recombination (CSR). This reaction replaces the μ-chain immunoglobulin heavy-chain locus constant (C) region (Igh-C) for one of a set of downstream Igh-C exons 1, 2 .
AID initiates both CSR and SHM 3, 4 by deaminating cytidine residues in single-stranded DNA (ssDNA), which is exposed during immunoglobulin transcription by RNA polymerase II (PolII) 5, 6 . The resulting U:G mismatches are processed by base excision-repair and mismatchrepair pathways that produce mutations or double-strand DNA breaks, which are obligate intermediates for CSR 5, 7 . During SHM, AID seems to act mainly in a region 1.5 kb downstream of the transcription start sites (TSSs) of genes encoding immunoglobulin V domains 8 , whereas CSR-related double-strand DNA breaks map to switch (S) regions 1-12 kb in length that precede the participating Igh-C exons.
AID can also deaminate non-immunoglobulin genes, including CD79A, CD79B, MYC, RHOH, PIM1, PAX5, BCL6 and MIR142 and their mouse homologs [9] [10] [11] [12] [13] . Mutations occur at a lower frequency at such off-target sites than at immunoglobulin genes, in part because the initial lesions are repaired with high accuracy by physiological base excision-repair and mismatch-repair pathways 12 . Nevertheless, lesions in off-target sites for AID can cause deleterious mutations and largescale chromosomal abnormalities that result in B cell lymphomas 14 . AID activity has also been linked to blast crisis progression in chronic myeloid leukemia 15 , prostate malignancies 16 and gastric tumors 17 .
SHM outside the immunoglobulin loci may not be entirely pathological. AID is expressed in pluripotent tissues and has been shown to deaminate 5-methylcytosines in vitro 18 , which has led to the suggestion that it might mediate DNA demethylation in vertebrates [19] [20] [21] . Promiscuous AID activity, therefore, may promote developmental reprogramming in the embryo and potentially in activated B lymphocytes.
Several AID cofactors have been identified so far, including the ssDNA-binding protein RPA and protein kinase Ar1α [22] [23] [24] [25] [26] . RPA is of particular interest because of its established role in DNA recombination and repair 27 . In biochemical assays, RPA promotes the deamination of transcribed substrates by AID by stabilizing its interaction with ssDNA 22 , which suggests that the role of RPA in SHM and CSR is to provide access of AID to target DNA. In vivo, the formation of RPA-AID complexes is facilitated by phosphorylation of AID at Ser38 by protein kinase Ar1α 23, 26, 28 , and AID, RPA and protein kinase Ar1α all associate with sites of switch recombination, as determined by chromatin immunoprecipitation (ChIP) 24, 29 .
Despite the importance of AID in shaping the antibody response and in promoting malignancy, there is little understanding of how immunoglobulin genes are preferentially hypermutated, the extent A r t i c l e s of AID off-target activity or how AID finds its ssDNA substrate near TSSs. To address these issues, we have defined the genome-wide association of AID and RPA in the context of the activated B cell epigenome, transcriptome and PolII. We found enrichment for AID across the genome at pausing sites for PolII, with the greatest abundance at the immunoglobulin μ-chain gene (Igh-6). Thus, our data support and extend the observation that Spt5, a factor required for polymerase stalling and CSR, is required for the association of AID with the transcribing holoenzyme 30 . In contrast, however, RPA associated mainly with the immunoglobulin locus, and this interaction was dependent on phosphorylation AID at Ser38 and Thr140. We propose that interaction of AID with Spt5-PolII complexes results in deamination of DNA across the genome in a manner that is proportional to the amount of AID recruited. However, optimal SHM and CSR may also require the recruitment of additional AID cofactors.
RESULTS

AID ChIP-seq in activated B cells
Although AID seems to target many non-immunoglobulin genes 9, 10, 12, 31 , the extent of its off-target activity is not known. To define the genome-wide occupancy of AID in B cells, we stimulated AID-sufficient (Aicda +/+ ) B cells and AID-deficient (Aicda −/− ) control B cells with lipopolysaccharide (LPS) and interleukin 4 (IL-4) and analyzed the cells by ChIP coupled with deep sequencing (ChIP-seq) using antibody to AID (anti-AID). These culture conditions induce AID expression and CSR to IgG1 (Ighg1) or IgE (Igh-7). As expected, AID was immunoprecipitated from the Igh μ-chain (Igh-6), γ1-chain (Ighg1) and ε-chain (Igh-7) (Fig. 1a) , which are recombining, actively transcribed (as determined by the association of PolII with chromatin) and acetylated at histone H4 (Fig. 1a) . Unexpectedly, outside the Igh locus, AID was also associated with as many as 5,910 genes (or 12,200 islands; Fig. 1b and Supplementary Table 1 ). Analogous to published ChIP-seq studies 32 , 396 genes (6.7%) also showed background signals in Aicda −/− cells (Supplementary Fig. 1a) , probably because of the presence of sonication-hypersensitive chromatin in these sites (such as Spns1 (Fig. 1c) or Igh-6 (Fig. 1a) ; Supplementary Text). Nevertheless, with few exceptions, AID islands were distinguishable from background noise (P < 0.0005 (Wilcoxon rank-sum test); Supplementary  Fig. 1b) , and saturation studies confirmed the specificity of the AID islands observed in Aicda +/+ cells (Supplementary Fig. 2a) .
Ranking of genes associated with AID based on the absolute number of sequence tags positioned Igh-6 (encoding IgM) as the gene with the greatest recruitment of AID (Fig. 1b) Table 1 ). AID was also immunoprecipitated from Bcr and SpiB (Fig. 1b) , presumed AID targets associated with chronic myelogenous leukemia 15 and a subset of diffuse large B cell lymphomas 33 , respectively. Among the previously unknown targets identified, we found genes encoding microRNAs expressed in activated lymphocytes 34 (Mir155, Mir181d and Mir21), transcription factors involved in cell differentiation (Stat6, Xbp1 and Nfkb1) and DNA-repair proteins (Brca1, Mdc1 and Lig4; Fig. 1b and Supplementary Table 1) . We conclude that AID is recruited to a large number of genes in activated B cells.
AID recruitment indicates hypermutation
To confirm the ChIP-seq results for AID reported above, we obtained B cells from mice transgenic for expression of AID under the control of a promoter-enhancer cassette from the immunoglobulin κ-chain gene (Igk) and deficient in uracil DNA glycosylase (Igk-AID Ung −/− mice) 9 , then stimulated the cells with LPS and IL-4 and measured hypermutation. On the basis of results from a sample of nearly two dozen genes, these B cell cultures have been shown to achieve hypermutation frequencies similar to those measured in germinal centers and to maintain target selection specificity 9, 30 . In agreement with the published data, mutation frequencies at five documented AID targets (Pim1, Myc, Pax5, Cd83 and H2afx) in Igk-AID Ung −/− cells were similar to those reported before for Ung −/− Peyer's patch B cells also deficient in mutS homolog 2 (Msh2 −/− ) 12 (Supplementary Table 2 ). In comparison, Igk-AID Ung −/− cultures had four times more hypermutation and more transition mutations than did Igk-AID Ung +/+ cultures (Supplementary Fig. 3 ).
To examine additional predicted AID target genes, we amplified ~750 base pairs (bp) of DNA downstream of TSSs of genes associated with AID (n = 13) or not associated with AID (n = 11) and analyzed Table 2) . Notably, more than 86% of all mutations were C:G to T:A transitions and showed a strong bias toward RGYW-WRCY hot spots (Supplementary Table 2) , which confirmed that they were indeed the result of AID deamination activity in the absence of Ung. In contrast, the mutation frequency of genes associated with AID that were highly transcribed was not distinguishable from background (q > 0.05; Fig. 2 and Supplementary Table 2) . These results support the view that ChIP-seq for AID can be used to reliably predict the presence of AID activity.
AID preferentially targets genes in open chromatin
Transcription is required for AID activity in vitro and in vivo 1, 5, 6, 35 . However, the relationship between transcription and AID targeting has been difficult to define because only a small number of genes have been assayed and this has been done in a limited way. To address this issue comprehensively, we used mRNA deep sequencing and ChIP-seq to compare AID, transcription and epigenetic marks on a genome-wide basis.
The genes that recruited AID (n = 5,910) had a median mRNA abundance 40 times greater than that of genes that did not recruit AID (n = 12,775; Fig. 3a and Supplementary Table 1) . Consistent with that result, we detected PolII and trimethylated histone H3 Lys4 (H3K4me3), which are associated with gene activation 36, 37 , in essentially all (>95%) genes associated with AID, compared with <50% of genes not associated with AID ( Fig. 3b) . Conversely, genes that recruited AID showed depletion of the polycomb group-inhibitory mark H3K27me3 (<12%), whereas it was associated with nearly 40% of those that did not recruit AID (Fig. 3b) . These features were particularly evident at the Myc locus and Mycn locus (encoding N-Myc). Myc is expressed and preferentially translocated to Igh in mature B cells, whereas Mycn is not. Consistent with those observations, H3K4me3 marks, the presence of PolII and mRNA synthesis correlated with substantial association of AID at the Myc locus ( Fig. 3c) , whereas Mycn, which is not expressed in activated B cells, showed silencing by H3K27me3, had little H3K4me3 and lacked A r t i c l e s AID (Fig. 3c) . Furthermore, we did not detect hypermutation at Mycn, whereas Myc intron 1 carried about 1 × 10 3 mutations per bp (Supplementary Table 2) . Notably, the association of AID with Myc coincided with the mapped location of most AID-induced DNA breaks and canonical translocation breakpoints (at Myc exon 1-intron 1). Thus, we conclude that the interaction of AID with genes across the genome is biased toward genes associated with an open chromatin configuration. This feature provides a rationale for the greater incidence of Myc translocations than Mycn translocations in B lymphoid tumors.
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AID recruitment follows PolII distribution
Despite the general correlation between mRNA accumulation and AID, our findings also indicated that transcription itself cannot be used to predict genome-wide recruitment of AID. Instead, a considerable fraction of genes with no detectable AID were abundantly transcribed (Fig. 3a, and Supplementary Table 1 ), including most of the genes assayed above that did not recruit AID (Fig. 2 and Supplementary Table 2 ). In addition, there was a wide variation in mRNA accumulation among genes targeted by similar amounts of AID (Supplementary Table 1 ). To clarify the precise nature of the interaction of AID with genes across the B cell genome, we determined the overlap between AID islands and histone modifications (n = 36), the insulator protein CTCF, the enhancer-binding acetyltransferase p300 and PolII in activated B cells (650,005 islands analyzed in total). For each variable, we calculated both its normalized Euclidean distance (Fig. 4a , dendrogram, and Supplementary Table 3) and its enrichment (Fig. 4a , right margin) relative to those in a random background model. These analyses confirmed the overall link between AID and active chromatin. For example, in addition to H3K27me3 (Fig. 3b) , the inhibitory marks H4K20me1, H3K9me2 and H3K27me2 were rarely associated with AID islands (0.77 ≤ enrichment (fold) ≤ 1.01, Fig. 4a and  Supplementary Table 3) . Furthermore, most histone acetylation modifications, which as a group promote transcriptional activation, were closely associated with AID (Fig. 4a) . Notably, hierarchical clustering of the distance matrix also indicated a preference of AID for promoter-proximal sequences (Supplementary Table 3) . Methylation and acetylation marks that typically demarcate promoters of active genes (H3K4me1-H3K4me2-H3K4me3, H2BK5Ac, H3K27Ac and H3K9Ac) overlapped physically better with AID (6.17 ≤ enrichment (fold) ≤ 18.6) than did those showing enrichment at transcribed regions (H3K36me3, H3K79me2, H3K14Ac, H4K5Ac and H4K12Ac (1.26 ≤ enrichment (fold) ≤ 3.35); Fig. 4b and Supplementary Table 3) .
To confirm that AID has high occupancy of promoter regions, we generated composite profiles of AID and PolII around TSSs (from -2 kb to +5 kb relative to the TSS). On the basis of PolII-binding activity 38 , we classified AID-recruiting genes as either stalled (stalling index > 3 for n = 4,756 genes (80%)) or elongating (1 ≤ stalling index ≤ 3 for n = 352 genes (6%)). The stalling index (also known as the traveling or pausing index) is a measure of the ratio of the density of PolII at the promoter (±1 kb relative to the TSS) versus its density in the gene body. Rather than indicating the presence or absence of transcription, the stalling index reflects the dynamics of PolII assembly and promoter clearance 38 . In stalled genes, for example, the rate of promoter clearance is lower than that of holoenzyme assembly; as a result, PolII disproportionately accumulates (pauses) at promoter-proximal sequences. In contrast, in elongating genes, the rates of promoter assembly and clearance are more equivalent and thus PolII is more easily detected in gene bodies by ChIP-seq analysis 38 . We found that AID density closely matched the overall PolII profiles. In elongating genes, the density of AID and PolII peaked at the TSS and decreased thereafter to background density 4-5 kb downstream (Fig. 5a) . Two illustrative examples of this correlation were Mir142 and Cd79b, for which AID density quantitatively mirrored, nearly peak by peak, the PolII-association profiles at the gene body and transcription termination sites (Fig. 5b) . In stalled genes, both PolII and AID were immunoprecipitated mainly from a 2-kb area centered on the TSS that included the basal promoter (Fig. 5c) . Lyn and Atm were both in this promoter-stalled category (Fig. 5d) . On the basis of these findings we conclude that genomewide AID occupancy mirrors PolII density. Furthermore, the overall bias of AID toward promoter-proximal sequences is explained by the fact that, as in embryonic stem cells 38 , most genes in activated B lymphocytes accumulate paused polymerases at promoter areas. These conclusions were further supported by the observation that the overall AID-recruitment profiles correlated better with PolII phosphorylated at Ser5 than with PolII phosphorylated at Ser2 ( Supplementary  Fig. 4 ). Of note, the former has been shown to associate mainly with transcriptional initiation and pausing, whereas sites of elongation and transcriptional termination show enrichment for the latter 39 . 
A r t i c l e s
In addition to interacting with gene domains, a fraction of AID islands (34%) were intergenic, with three fourths of these localizing together with PolII, p300 and/or CTCF (Supplementary Fig. 5a ). A particularly good example of this was the 3′ E α enhancer, where both PolII and AID distinctly immunoprecipitated from each of the enhancer elements ( Fig. 1a; other examples, Supplementary  Fig. 5b) . As a group, these sites may represent promoters of unknown genes, true intergenic AID-binding sites and/or regulatory elements at which AID is crosslinked as a result of long-range interactions with promoters.
Direct deamination of basal promoters by AID
In addition to producing conventional elongation of gene bodies, mammalian RNA polymerases also transcribe promoters in an orientation opposite that of the annotated gene 40 . Because of efficient polymerase stalling 38 , the resulting antisense transcripts do not typically extend very far beyond the basal promoter 40 . In agreement with such studies, analysis of deep-sequenced RNA isolated from activated B cells 34 showed that PolII-stalling profiles at promoters of B cell genes coincided precisely with the TSSs of both sense and antisense RNA (Fig. 6a,b) .
Although our observations indicated that SHM is associated with PolII stalling, published studies have indicated that the mutation track is unidirectional, occurring mainly 3′ of TSSs 8 . To determine whether divergent PolII stalling also renders basal promoters susceptible to SHM, we analyzed six AID-recruiting genes (Pax5, Myc, Grap, Ighg1, Pim1 and Il4ra) for point mutations 5′ of their respective TSSs. Notably, except for Il4ra and Grap, all promoters had mutation frequencies above background in an AID-dependent manner (Fig. 6c and Supplementary Table 4) . Mutation frequencies, which ranged between 1.7 × 10 −4 and 4.7 × 10 −4 , were equivalent to those measured at gene bodies of other AID targets, such as Pax5 (7.0 × 10 −4 ) or H2afx (5.5 × 10 −4 ; Supplementary Table 2 and Supplementary  Fig. 6 ). Consistent with the PolII and small RNA profiles at basal promoters (Fig. 6a,b) , promoter mutations were abundant near the TSS and became increasingly rare at upstream sequences (Fig. 6c) . Notably, the overall mutation spectrum, consisting almost entirely (>94%) of transition mutations, was biased toward RGYW-WRCY hotspots, showing the distinctive footprint of AID (Supplementary Table 4) . Finally, we also found hypermutation of the Pax5 basal promoter in Peyer's patches from Ung −/− Msh2 −/− germinal centers (Supplementary Table 4) , which demonstrated that hypermutation of this promoter also occurs as part of physiological immune responses. We conclude that AID can deaminate basal promoters in activated B cells in a manner consistent with divergent polymerase profiles. Together with the observation that PolII paused at immunoglobulin S core domains 41, 42 (Fig. 1a) , our results further support the idea that SHM is targeted across the genome to sites of polymerase stalling 30 .
RPA is restricted to Igh loci Co-occupancy of AID and PolII across the genome provides a mechanistic explanation for the widespread hypermutation observed in primary and transformed B lymphocytes. However, the disparity in the magnitude of the mutation load at immunoglobulin and off-target sites cannot be fully explained on the basis of AID-binding density. For example, whereas the association of AID with chromatin was ~1.5-fold greater at Igh-6 than at Mir142 (Supplementary Table 1) , the mutation frequency at the 5′ end of the Igh-6 S domain (Sμ) was 10 times that measured at Mir142 (Supplementary Table 2) . Furthermore, hypermutation at the Sμ core is probably orders of magnitude higher 43 .
Several lines of evidence indicate that the ssDNA-binding protein RPA may have a role in hypermutation. In biochemical assays, RPA enhances the deamination of transcribed DNA by AID 22, 23 , and RPA interacts in an AID-dependent manner with S regions in B cells undergoing CSR 24 . However, whether recruitment of RPA correlates with AID activity across the B cell genome or whether it is specific for immunoglobulin genes has not been fully explored. To determine the genomic occupancy by RPA in AID-expressing cells, we activated B cells with LPS and IL-4 and assayed the cells by ChIP-seq with RPA-specific antibodies. Two RPA islands were reproducibly immunoprecipitated from Igh; one spanned the entire Igh-6 μ-chain and one centered on the γ1-chain (Fig. 7a, top row) . In contrast, only a very small number of sequence 'reads' aligned near Sμ in the absence of AID 24 (Fig. 7a, top and second rows) . Notably, Igk-AID B cells, which have higher AID expression 9 , had RPA signals 2.5 times more abundant than those measured in Aicda +/+ cells (784.5 versus 318.6 tags per million sequences; Fig. 7a , top and third rows). In cells undergoing CSR to the γ3-chain (cells treated with LPS plus anti-δ-dextran), as expected, RPA was associated with both gene segments encoding the μ-chain and γ3-chain (data not shown). Thus, RPA is recruited to Igh in a manner that is dependent on and directly proportional to AID expression. AID is phosphorylated at Ser38 and Thr140 in activated B cells 23, 25, 26, 44 . Substitution of either residue does not affect AID deamination activity but interferes with SHM and CSR in vivo 44, 45 .
Furthermore, phosphorylation of Ser38 is required for the association of AID with RPA both in vitro 23 and in vivo 24 . To assess the role of AID phosphorylation in genomewide RPA recruitment, we did ChIP-seq for RPA with mutant B cells in which AID Ser38 or AID Thr140 is replaced with an alanine residue 44 . The association of RPA with chromatin was much less (about one third as many sequence reads) in both AID-mutant samples than in Aicda +/+ samples (Fig. 7a,  fourth and fifth rows versus top row) . These results indicate that phosphorylation of AID contributes to the interaction of RPA with Igh.
In contrast to the ChIP-seq results for AID, which identified nearly 6,000 genomic targets of AID (>12,000 islands), we identified only a small number of islands outside Igh by ChIP-seq for RPA (~200 per sample; Supplementary Table 5 and Supplementary  Fig. 7) . We detected most of these islands in only one of the four independent ChIP-seq experiments with Aicda +/+ cells (including Igk-AID), and those that we reproducibly detected in all samples (16 in total) were also present in the absence of AID (data not shown). Notably, a substantial fraction of non-immunoglobulin islands localized together with background noise obtained with Aicda −/− lymphocytes after ChIP-seq for AID (for example, the Mir142 locus; Figs. 5b and 7b) . Our failure to detect RPA-specific A r t i c l e s targets outside Igh was not due to lack of sequence tag saturation, because a combined analysis of Aicda +/+ samples (n = 3) and Igk-AID samples (n = 2) analyzed by ChIP-seq for RPA (44, 764 ,916 total tags) did not show substantial association of RPA with AID-recruiting genes ( Supplementary Fig. 8 and Supplementary Table 6 ). We conclude that in contrast to genomic occupancy by AID itself, genomic occupancy by its cofactor RPA is restricted to immunoglobulin genes (Fig. 7c) .
DISCUSSION
By means of deep sequencing, we have defined the global occupancy by AID and its cofactor RPA in the B cell genome. To better characterize the data, we further annotated the B cell genome by comprehensively mapping 36 epigenetic marks, the mRNA transcriptome, PolII, p300 and CTCF binding. We found that the association of AID with genes across the genome was widespread and correlated with activating chromatin marks. Among those we found acetylation of H3, H4 and H2B, as well as all three methylated forms of H3K4. By extension, genes with an inhibitory chromatin configuration (such as H3K27me3 and H3K20me3) failed to recruit AID or hypermutate. One example of this was Mycn, which is epigenetically and transcriptionally silent, does not bind AID and is rarely involved in chromosomal translocations in the mature B cell compartment 46, 47 .
Our data have established a tight correlation between AID and PolII, as predicted by the coimmunoprecipitation of AID and PolII from ex vivo-activated B cells 29 . The pausing factor Spt5 is required for the linkage of AID to the transcription apparatus 30 . In agreement with those data, we have now shown that AID associated mainly with paused polymerases at promoter-proximal sequences across the genome. Published observations have suggested a link between AID activity and pausing of gene transcription. For example, stalling of PolII at tandem repeats of the immunoglobulin S domain has been associated with AID activity during CSR 41, 42 . One interpretation of those results was that pausing of the transcription machinery might promote DNA deamination by facilitating the interaction of AID with ssDNA substrates 41, 42 . Consistent with that hypothesis, we found that AID occupancy and hypermutation coincided with stalling of divergent polymerases upstream of TSSs, a feature not previously appreciated. In addition, deep-sequencing studies have shown tight correlation between genome-wide recruitment of AID and sites of ssDNA (A.Y. and R.C., unpublished data). On the basis of these findings, we postulate that Spt5-stalled polymerases recruit AID across the genome, thus explaining the degree of AID's promiscuity in B cells.
The large number of AID targets explains the broad genomic instability observed in primary and premalignant cells after sustained or aberrant AID expression 14 . The data also underscore the decisive role of base-excision repair and mismatch repair in safeguarding the genome from promiscuous SHM. A pertinent example is the Myc protooncogene, which accumulates substantial hypermutation in Ung −/− or Ung −/− Msh2 −/− cells but is fully protected in wild-type germinal center or activated B cells 9, 12 , as shown here. Despite efficient repair, however, the Myc locus often participates in large-scale chromosomal alterations and translocations that are dependent on AID 14, 46, 48, 49 . Thus, high-fidelity repair at off-target sites is not sufficient to prevent (and perhaps even promotes) DNA breaks, chromosomal translocations and B cell malignancy. In this context, we have shown that AID occupancy at Myc coincided precisely with mapped sites for canonical translocation breakpoints. We anticipate that the AID ChIP-seq data will help identify new tumor-inducing targets of AID.
The broad recruitment of AID in the B cell genome raises the question of whether AID has additional functions beyond diversification of immunoglobulin genes. Studies have linked cytidine deamination and AID to the elusive mechanism of DNA demethylation. In zebrafish, AID and Apobec2 seem to be required for the demethylation of exogenous DNA 21 , and AID deficiency is reported to result in genome-wide hypermethylation of mouse primordial germ cells 20 . The reprogramming of mouse-human heterokaryons, which requires the demethylation of promoters of genes encoding key transcription factors, is also facilitated by AID 19 . On the basis of those observations, it has been proposed that high AID expression in germinal center B cells might also engage in active demethylation of the B cell genome 19, 20 . Our observation that AID deaminated basal promoters would be consistent with that hypothesis.
A prominent feature of our results is that whereas AID was highly promiscuous, its cofactor RPA seemed to be specific for immunoglobulin genes under the conditions tested. However, our data do not exclude the possibility that RPA is recruited to any given off-target site in only a fraction of the cells being assayed. A signal present in only some cells and in different genomic locations in subpopulations of cells would not be detected above background. Heterogeneity among dividing cells is probably the reason we did not detect interaction of RPA with the DNA-replication machinery in our nonsynchronized cultures. As expected from published work 24 , the localization of RPA to Igh requires phosphorylation of AID. The disparity between the genome-wide recruitment of AID and RPA is also consistent with the idea that RPA may function as an amplifier of AID activity on the immunoglobulin locus 22, 23 . In biochemical assays, RPA seems to stabilize ssDNA displaced by the transcribing holoenzyme 22, 23, 50 , thus providing AID with a window of opportunity to initiate cytidine deamination. Given the established role of RPA in DNA repair 27 , an additional, not mutually exclusive possibility is that RPA functions downstream of the initial DNA damage, for example, by stabilizing ssDNA exposed during the repair phase of an AID lesion. In conclusion, we have identified here the broad range of genes targeted by AID, and the epigenetic and PolII stalling signature associated with targeting. We have demonstrated that AID recruitment alone is insufficient to explain the difference in mutator activity at immunoglobulin and off-target genes.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/.
